Neurogenic compromise of vocal fold function exists along a continuum encompassing vocal cord hypomobility (paresis) to vocal fold immobility (paralysis) with varying degrees and patterns of reinnervation. Vocal fold paralysis (VFP) may result from injury to the vagus or the recurrent laryngeal nerves anywhere along their course from the brainstem to the larynx. In this article, we review the anatomy of the vagus and recurrent laryngeal nerves and examine the various etiologies of VFP. Selected cases are presented with discussion of key imaging features of VFP including radiologic findings specific to central vagal neuropathy and peripheral recurrent nerve paralysis.
INTRODUCTION
Vocal fold paralysis (VFP) is the immobilization of the true vocal fold by neural injury (ipsilateral vagus or recurrent laryngeal nerve dysfunction) or by mechanical fixation of the vocal fold due to neoplastic invasion of the thyroarytenoid muscle, or cricoarytenoid joint fixation from joint ankylosis or posterior glottic scar formation. [1] Clinically, these patients will often present with hoarseness, dysphonia, breathy voice, or aspiration. However, as many as 30-50% of patients are clinically asymptomatic [2] and the presence of VFP may be only incidentally detected. In many such asymptomatic cases, a slow-growing malignancy with secondary involvement of the vagus or recurrent laryngeal nerves may result in computed tomography (CT) imaging findings that precede the clinical manifestation of VFP. [3] Alternatively, clinical identification of vocal fold immobility may prompt CT imaging to identify occult lesions along the vagus or recurrent laryngeal nerve. Hence, once VFP has been identified in symptomatic or asymptomatic patients, every effort should be made to determine the underlying etiology of the VFP by carefully evaluating the course of the vagus and recurrent laryngeal nerves using appropriate imaging. With recent improved imaging techniques, a causative reason for VFP is often identified, resulting in a decrease in the incidence of cases labeled "idiopathic" after clinical examination. [3] [4] [5] This article reviews pertinent anatomy and highlights key imaging findings of VFP. In addition, we describe a systematic imaging approach that seeks to identify the main etiologies resulting in VFP, illustrating them with typical cases and outlining potential imaging pitfalls.
ANATOMY
The larynx is divided into supraglottic, glottis, and subglottic divisions by two pairs of horizontal mucosal folds -the false (vestibular) and true vocal folds. The false vocal folds are above and lateral to the true vocal folds and are formed by the mucosal surfaces of the laryngeal vestibule. The true vocal folds are involved in phonation and extend from the arytenoid cartilage posteriorly to the thyroid cartilage anteriorly. They consist of the thyroarytenoid and the vocalis muscle (the most medial portion of the thyroarytenoid muscle) covered with mucosa. In addition, the vocal ligament, the most superior extent of the conus elasticus, consists of bands of yellow elastic tissue within the true vocal folds, which are attached anteriorly to the angle of the thyroid cartilage, and posteriorly to the vocal process of the arytenoid.
The larynx is innervated by sensory and motor branches of the vagus nerve. The vagus nerve originates from the nucleus ambiguous, exits the medulla, crosses the perimedullary cistern, and leaves the skull base though the pars vasularis of the jugular foramen anterior to the jugular vein. [4, 6, 7] The inferior/nodose ganglion of the vagus nerve, located immediately inferior to the jugular foramen, gives rise to the superior laryngeal nerve that divides into the internal laryngeal nerve (which provides sensory innervation to the larynx above the vocal folds) and the external laryngeal nerve that innervates the cricothyroid muscle. [4, 6, 7] More recent evidence points to extensive terminal arborization of both the recurrent and superior laryngeal nerves, leading to variable contralateral innervation. Additionally, Galen's anastomosis between the ipsilateral recurrent and superior laryngeal nerve is present variably in up to 50% of patients. [8] In the neck, the vagus nerve descends within the carotid sheath in the post-styloid parapharyngeal space (carotid space), posterolateral to the internal carotid artery and posteromedial to the internal jugular vein. [3, 7] The right recurrent laryngeal nerve arises from the right vagus nerve at the cervicothoracic junction, passes posteriorly around the right subclavian artery and ascends out of the thorax along the apical lobe pleura. It passes posterior to the common carotid artery to recur within the thoracoesophageal groove at the level of cricothyroid joint. In 1% of cases, the right recurrent laryngeal nerve arises from the vagus nerve at the level of the thyroid and is at risk of injury during thyroid surgery. [4] The left recurrent laryngeal nerve arises from the left vagus nerve at the level of the aortic arch in the mediastinum, loops under the aortic arch at the aorto-pulmonary window posterior to the ligamentum arteriosum, and exits the thorax to recur in the left thoracoesophageal groove.
Both recurrent laryngeal nerves supply the intrinsic muscles of the larynx with variable, though suspected limited motor afferents supplied by the internal branch of the superior laryngeal nerve. The exception in the intrinsic laryngeal musculature is the cricothyroid, which is wholly supplied by the external branch of the superior laryngeal nerve. The recurrent laryngeal nerve provides sensory innervation to the larynx below the vocal folds. vocal fold will be either immobile or demonstrate decreased abduction or adduction. Based on contrast laryngography and cine studies, Landman [9] described at least 10 findings suggestive of recurrent laryngeal nerve paralysis including dilated ipsilateral laryngeal ventricle, incomplete abduction of both the true and false vocal cords in quiet breathing, flattened ipsilateral subglottic arch, interarytenoid notch displaced to the normal side during phonation, anterior and inferior position of the paralyzed arytenoid cartilage, concavity of the free edge of the paralyzed true vocal fold, dilated ipsilateral pyriform sinus, flattened ipsilateral lateral wall of the vestibule, and higher or lower position of the paralyzed vocal fold compared to the normal fold, depending on the degree of synkinetic reinnervation. Laryngeal electromyography (EMG) is helpful in confirming neuropathy, determining relative duration of neuropathy, and prognosticating return of function. [10, 11] In the absence of iatrogenic causes (intubation, surgery placing the RLN/vagus at risk), central neurologic symptoms, or more rarely, systemic symptoms, additional evaluation with appropriate imaging is performed.
EVALUATION OF VOCAL FOLD PARALYSIS

IMAGING OF VFP
Although both CT and Magnetic Resonance Imaging (MRI) may be used to assess etiology of VFP, the fast acquisition time and high-resolution capabilities of CT make it the imaging modality of choice to evaluate features consistent with VFP, if direct visualization has not been performed. Quiet respiration is recommended for CT evaluation of the larynx as the vocal cords are imaged in an intermediate position. [3] Contrast-enhanced CT should extend at least from the posterior fossa/skull base through at least the aorto-pulmonary window in the case of left VFP, and to the thoracic inlet in the case of right VFP, to ensure that the entire course of the vagus and recurrent laryngeal nerves is evaluated. Axial images provide the most accurate information, with coronal and sagittal reformats aiding the determination of VFP. Figure 2a demonstrates the normal CT appearance of the true vocal folds. The level of the true vocal folds is identified on CT when both arytenoid and cricoid cartilages are seen. Figure 2b demonstrates the normal CT appearance of the pyriform sinuses and aryepiglottic folds.
Many of the findings of VFP described by Landman [9] on contrast laryngography and cine studies can be commonly identified on CT images of the neck. The three most reliable findings of VFP observed in more than 75% of cases in a study by Chin et al., [12] include dilation of the ipsilateral pyriform sinus [ Figure 3a ], thickening and medial position of the ipsilateral aryepiglottic fold [ Figure 3a ], and dilated ispilateral laryngeal ventricle -also known as the "Sail Sign" [ Figure 3b ]. Three additional findings, anterio-medial position of the ipsilateral arytenoid cartilage [ Figure 3c ], atrophy of the ipsilateral posterior cricoarytenoid muscle first described by Romo et al., [13] [ Figure 3d ], and atrophy with fatty replacement An imaging distinction of central vagal neuropathy from peripheral neuropathy in patients with VFP is important because the differential diagnoses and management of these two conditions differ. [12] Central vagal neuropathy implies involvement of both the pharyngeal plexus and the recurrent laryngeal nerves. The pharyngeal plexus is made up of branches of cranial nerves 9, 10, and 11. Therefore, patients with central vagal neuropathy may present with atrophy of the ipsilateral pharyngeal constrictor muscle (innervated by cranial nerve 10) with consequent ballooning of the oropharyngeal or hypopharyngeal walls or other signs of pharyngeal plexus involvement such as atrophy of the trapezius (innervated by cranial nerve 11) in addition to the classic imaging features of recurrent laryngeal nerve palsy [ Figure 4 ].
On fluorodeoxyglucose (FDG) positron emission tomography (PET )-CT images, unilateral VFP may demonstrate an asymmetric increase in FDG uptake in the normal vocal fold, with no uptake in the paralyzed vocal fold [ Figure 5 ] and should not be mistaken for abnormal uptake of glucose secondary to malignancy. To avoid misinterpretations when presented with increased FDG uptake in one vocal fold, FDG PET-CT imaging findings should be correlated with a history of VFP with side of increased metabolic activity on FDG PET-CT confirmed to be opposite to the side of VFP noted on CT. It is important to remember that patients who have undergone injection augmentation of the paralyzed vocal fold with Teflon may demonstrate increased FDG accumulation in the treated vocal fold secondary to a granulomatous reaction incited by Teflon, which may mimic a neoplasm or metastasis. [3] Finally, patients with malignant infiltration of the vocal fold may show increased FDG avidity in the affected vocal fold. In these cases, direct visualization to determine presence of malignancy and CT imaging findings showing fullness of the affected vocal fold will help confirm that the increased FDG avidity is secondary to malignancy.
ETIOLOGIES OF VFP
There are a number of etiologies of VFP including surgery/ trauma, infectious/inflammatory conditions (e.g. Lyme, syphilis, and post viral), radiation, myasthenia gravis, neoplasms, toxicity (e.g., vinca alkaloid and alcohol), and vascular conditions. A large number of cases have no identifiable cause and have been deemed idiopathic, although as previously mentioned, with recent improved imaging techniques, the incidence of truly "idiopathic" cases has decreased. [3, 4] An abnormality, anywhere along the course of the vagus or recurrent laryngeal nerves, can result in VFP. Hence, a systematic imaging approach that evaluates the course of the nerves from the medulla to the aortopulmonary window (for left VFP) and from the medulla to the origin of the right subclavian artery (for right VFP) should be performed in all cases of VFP where the etiology of VFP remains unclear after clinical evaluation. For the purposes of organization and discussion, we consider etiologies affecting three segments of the nerves: At the level of the brainstem and skull base, in the suprahyoid neck, and in the infrahyoid neck and mediastinum (in cases of left VFP).
Brainstem and skull base etiologies
Vascular, neoplastic, and inflammatory lesions are the most common pathologies affecting the vagus nerve at A 69-year-old woman with right VFP due to a known paraganglioma within the right jugular foramen: (a) Axial contrast enhanced CT demonstrates atrophy of the right pharyngeal constrictor muscle with subsequent ballooning of the oropharyngeal airway (asterisk) suggesting long standing right cranial nerve 10 involvement, (b) Axial contrast enhanced CT in the same patient demonstrates asymmetric dilation of the right pyriform sinus (asterisk) compared to the left consistent with right VFP. In addition, there is atrophy of the right trapezius muscle (arrowhead) suggesting long standing right cranial nerve 11 involvement. Compare this to the normal left trapezius muscle (arrow). In patients with central vagal neuropathy as in this patient, there is an involvement of the ipsilateral pharyngeal plexus, which consists of branches of cranial nerves 9, 10, and 11. b a the level of the medulla. Occlusion of the posterior inferior cerebellar arteries may result in a lateral medullary infarct (Wallenburg syndrome) with consequent involvement of the exiting ipsilateral vagus nerve resulting in ipsilateral VFP. [14, 15] Hypertension and vascular malformations may occasionally cause hemorrhagic foci in the medulla, and hence, central vagal neuropathy. [7] The most common neoplasms involving the medulla, and hence, compromising the nucleus ambiguous, are metastases, gliomas, and lymphomas. [7] Although demyelinating diseases such as multiple sclerosis more commonly affect the pons and midbrain, involvement of the medulla may result in vagal neuropathy with resultant VFP.
Tumors, infections, and trauma may involve the vagus nerve as it traverses the skull base. Paragangliomas, nerve sheath tumors such as schwannomas [ Figure 6 ] and meningiomas located in the vicinity of the jugular foramen can compress the vagus nerve and result in VFP. [16] Primary tumors or metastases involving adjacent structures such as the petrous apex and the clivus can extend into the jugular foramen with resultant lower cranial neuropathies [ Figure 7 ].
Suprahyoid neck
The vagus nerve traverses the carotid space within the carotid sheath in the suprahyoid neck, and a wide range of abnormalities including benign and malignant tumors, inflammatory process, and vascular lesions can result in vagal nerve involvement with subsequent VFP. As in the region of the jugular foramen, paragangliomas/glomus vagale [ Figure 8 ], and vagal schwannomas are slow growing tumors that originate from the vagus nerve in its course through the post-styloid parapharyngeal space and are associated with vagal nerve palsies in the late clinical course of the disease. [7, 16] Other potential etiologies of VFP are dissection of the internal carotid artery and internal carotid artery aneurysms with mechanical compression of and/or impairment of blood supply to the vagus nerve as it traverses within the carotid sheath. [7, 17] 
Infrahyoid neck and mediastinum
The close proximity of the recurrent laryngeal nerve to the esophagus, trachea, and thyroid in the trachea-esophageal groove makes it vulnerable to injury secondary to pathologies involving these structures. Squamous cell carcinomas and other malignancies of the esophagus are extrathyroid causes of VFP. [18, 19] Thyroid etiologies that result in recurrent laryngeal nerve palsies include extracapsular extension of thyroid malignancies [ Figure 9 ] and thyroid surgery. Until recently, thyroid surgery was a common iatrogenic cause of recurrent laryngeal nerve paralysis, although its incidence has declined with improved operative techniques. [1] Extension of tumors from the trachea and other tracheal abnormalities such as diverticuli [ Figure 10 ] can impinge on the recurrent laryngeal nerve and cause VFP. Recurrent laryngeal nerve palsy may be a complication of iatrogenic causes such as prolonged endotracheal intubation and anterior cervical discectomy as well as fractures secondary to non-iatrogenic cervical trauma.
The left recurrent laryngeal nerve is longer (approximately 12 cm from the aortic arch to cricothyroid joint) than the right recurrent laryngeal nerve (approximately 5-6 cm from the subclavian to cricothyroid joint) [20] and has a longer intrathoracic course, which makes it more vulnerable to b a injury secondary to mediastinal abnormalities. [3, 19] A study by Song et al., [19] demonstrated that in patients with VFP secondary to thoracic diseases, left VFP was 1.75 times more frequent than right VFP. Isolated left recurrent laryngeal nerve involvement may occur due to invasion or compression of the nerve at the aortopulmonary window by primary lung carcinoma [ Figure 11 ]. Other etiologies resulting in left recurrent laryngeal nerve paralysis in the mediastinum include aortic aneurysm [ Figure 12 ], pulmonary artery enlargement secondary to hypertension, and cardiomegaly. [21] Mediastinal lymphadenopathy due to a variety of causes including metastases, tuberculosis, sarcoidosis or pneumoconiosis can cause left recurrent nerve compression, if it occurs at the aortopulmonary window, and right recurrent laryngeal nerve compression, if it involves mediastinal lymph nodes adjacent to the right subclavian artery.
IMAGING PITFALLS
An immobile vocal fold noted on clinical examination, or a medialized vocal fold on CT imaging, may not necessarily be secondary to vagal or recurrent laryngeal nerve injury. Laryngeal and pyriform sinus carcinomas may result in medialization of the vocal fold due to direct invasion of the thyroarytenoid, immobility due to invasion of the cricoarytenoid joint or immobility from secondary cartilagenous sclerosis and resultant joint fixation [ Figure 13a ]. In these instances, the tumor-infiltrated vocal fold appears thickened and may demonstrate mass-like enhancement. Associated findings of lymphadenopathy and invasion of adjacent cartilage by tumor may help make the distinction between vocal fold immobility and medialization due to tumor versus true VFP due to neural injury. [3] Vocal fold injection has re-gained popularity as first line treatment for vocal fold augmentation in patients with VFP. [22] These injection materials include durable/ permanent materials such as autologous fat, calcium hydroxylapatite, polydimethylsiloxane, and historically Teflon, as well as temporary injection materials such as hyaluronic acid, carboxymethylcellulose, and collagen based products. [22] [23] [24] These materials may occasionally be misinterpretated as laryngeal masses or unexpected foreign bodies. [3, 25] Familiarity with the CT appearance of the larynx post vocal fold injection or medialization allows accurate radiologic evaluation and prevents the misinterpretation of post-treatment changes as pathology [ Figure 13b ].
CONCLUSION
Familiarity with the various imaging features of VFP and employing a systematic imaging approach aimed at identifying the underlying cause has resulted in a decrease in the incidence of cases labeled "idiopathic" post 
